Deletion of topA in Escherichia coli was found to result in a higher level of killing after treatment with either hydrogen peroxide or N-ethylmaleimide. This effect on oxidative challenge response represents a new role for E. coli DNA topoisomerase I in addition to prevention of excessive negative supercoiling of DNA.
Defense mechanisms of an organism against different environmental challenges are needed for its survival, including defense against oxidative challenges (2, 10, 30) . Mutations in DNA topoisomerase I or gyrase genes have been shown to affect adaptation of bacterial organisms to high temperature (6, 7, 12, 26, 31) , osmolarity (13, 15, 23) , and availability of oxygen (33) . There are at least two possible mechanisms by which topoisomerases can exert their influences (4, 31). The global DNA supercoiling level regulated by topoisomerases has an effect on the expression and relative abundance of many different proteins (29) , some of which could be required for growth adaptation. A second potential mechanism involves the direct action of topoisomerases at the gene loci required for adaptation. The process of transcription can generate local topological distortion (19) , and so it is possible that topoisomerases may play a role in managing the supercoiling in the proximity of individual promoters. This has been suggested for topoisomerase I during the activation of proU in Salmonella enterica serovar Typhimurium upon increase in osmotic pressure (4) .
There are four promoters utilized for transcription initiation of the topA gene of Escherichia coli (27) , with the P1 promoter being recognized by RpoH ( 32 ) and the Px1 promoter being recognized by RpoS ( S ). Promoters P2 and P4 are likely to be recognized by RpoD ( 70 ). Transcription from the Px1 promoter is increased as E. coli enters the stationary phase, but in the absence of RpoS, transcription from the other topA promoters has been found to compensate for the loss of transcription from promoter Px1 (27) . The presence of multiple promoters in the topA gene may be due to the requirement of topoisomerase I activity for adaptation to different environmental conditions (31) .
The sigma factor RpoS has been shown to be important both for survival of E. coli following exposure to hydrogen peroxide (1, 17, 20, 28) and for survival after exposure to the toxic electrophile N-ethylmaleimide (NEM) (11) . The presence of the RpoS-dependent promoter Px1 in the topA gene suggests that topoisomerase I function may also be important for oxidative protection in E. coli. This hypothesis was tested by comparing the survival rates of isogenic E. coli strains with and without topA deletion after treatment with either NEM or hydrogen peroxide.
For measurement of survival after NEM or hydrogen peroxide challenge in exponential phase, cells were grown in M9 medium with 0.1% Casamino Acids (21) to values for optical density at 600 nm (OD 600 ) of 0.2 to 0.4 when aliquots of freshly prepared NEM (from Aldrich) solution or hydrogen peroxide (ACROS) were added. Incubation was continued at 37°C with vigorous shaking. After the indicated lengths of time, cultures were removed from incubation and diluted with M9 salts before being plated on Luria-Bertani plates. After 18 to 30 h of incubation at 37°C, colonies were counted for measurements of survival rates. Each experiment was repeated at least three times, and representative data are presented here. For measurement of survival after stationary-phase treatments with either NEM or hydrogen peroxide, cells were grown in Lennox L broth at 37°C for 36 to 40 h. After being washed with M9 salts solution, the cells were resuspended in M9 salts solution for treatment at 37°C with vigorous shaking and then diluted into M9 salts solution for plating on LuriaBertani plates. Representative data from at least three experiments are shown here.
Effect of topA deletion on NEM resistance. The effect of topA deletion on survival after exposure to NEM was examined for both exponential-and stationary-phase E. coli cells. The ⌬topA mutant strain RFM475 and its top ϩ counterpart RFM445 are derived from E. coli N99 with mutations of gyrB221(Cou r ), gyrB203(Ts), and ⌬lac-74 (9). Compensatory mutations are required for survival of E. coli with deletion of topA. Such mutations usually map in the gyr genes (3, 24) . These two strains were treated at the exponential phase of cell growth with different concentrations of NEM (Fig. 1A) . The results showed that the ⌬topA mutation in strain RFM475 resulted in up to 20-fold more killing by NEM in the exponential phase. Another ⌬topA strain, GP203, with a gyrA(Nal r ) gyrB225⌬ (topA cysB)204 genotype (25) , was also found to be more sensitive to NEM than was its top ϩ isogenic strain GP202 (Fig.  1B) . This set of isogenic strains appeared to be more sensitive to killing by NEM than were RFM445 and RFM475. After 40 min of exposure to a NEM concentration of 1.2 mM or higher, the survival rate of GP203 (Ͻ10 Ϫ5 ) was lower than the limit of detection. Comparison of the killing of GP202 with that of its gyr ϩ parent wild-type strain DM4100 showed that the two gyrase mutations present in GP202 had only a minor effect on the sensitivity to NEM (Fig. 1B) . The plasmid pRV10 expresses E. coli DNA topoisomerase I (32) . Its presence in RFM475 restored the NEM resistance to the level found in the top ϩ isogenic strain RFM445 (Fig. 1A) . The increased sensitivity to NEM due to the ⌬topA mutation was also observed with stationary-phase cells (Fig. 2) . There was a greater-than-100-fold reduction in the rate of survival for strain RFM475 compared to that of strain RFM445. Similar results were obtained when survival of stationary-phase GP203 was compared to that of GP202 after NEM treatment, with no detectable viable GP203 colonies after exposure to Ͼ0.4 mM NEM for 40 min. GP202 and its gyrA ϩ counterpart DM4100 had similar levels of survival.
Effect of topA deletion on survival after hydrogen peroxide treatment. Survival rates of RFM445 and RFM475 cells treated with 40 mM hydrogen peroxide in exponential phase for different lengths of time were compared. The results show that the topA deletion in RFM475 lowered the survival rate by up to several hundred-fold (Fig. 3A) . The presence of the plasmid pRV10 expressing topoisomerase I restored the survival rate of RFM475 to that of the top ϩ strain RFM445. The increased sensitivity to killing by hydrogen peroxide for RFM475 was again seen for stationary-phase cells treated with 150 mM hydrogen peroxide (Fig. 3B) . After 40 min of exposure, the number of surviving RFM475 cells was near the limit of detection and more than a thousandfold lower than that of RFM445 cells. Increased killing after treatment with up to 22.5 mM hydrogen peroxide for 40 min at stationary phase due to topA deletion was also observed for strain GP203 compared to strain GP202 (data not shown). Results obtained with strain DM4100 again showed that the gyr mutations in GP202 had only a minor effect on the survival rate after treatment with hydrogen peroxide (data not shown).
Effect of NEM and hydrogen peroxide on topA promoter utilization. Primer extension experiments were carried out as previously described (26, 27) to determine how NEM and hydrogen peroxide treatments affected the utilization of the topA promoters (Fig. 4) . The results from RNA prepared from DM4100 cells in exponential growth phase (OD 600 ϭ 0.4) showed that, after treatment with either hydrogen peroxide or NEM, topA transcription initiation from promoter P1 increased significantly while transcription initiation from the other three promoters decreased (Fig. 4A) . This is consistent with increased RpoH activity due to the presence of denatured proteins from the oxidative treatments (16) . Hydrogen peroxide-inducible proteins are known to overlap with heat shock proteins (22) , and deletion of the rpoH gene has been reported elsewhere to sensitize E. coli cells to oxidative stress (18) . Primer extension with RNA prepared from stationary-phase (OD 600 ϭ 1.2) DM4100 cells also showed a dramatic induction of transcription from promoter P1 after treatment with NEM (Fig. 4B ). After treatment with hydrogen peroxide in the stationary phase, the most significant change in topA transcription appeared to be enhanced initiation from promoter P2 (Fig.  4B) .
The results presented here indicate that topA deletion eliminating topoisomerase I activity in E. coli can result in greatly increased sensitivity to oxidative challenges by both hydrogen peroxide and the toxic electrophile NEM. This could be due to either the effect of loss of topoisomerase I activity on global or local DNA supercoiling (5) or the need for topoisomerase I to prevent R-loop formation at sites with a high rate of transcrip- (8, 9) as the cellular response to oxidative stress is being mounted. These mechanisms are not mutually exclusive, and both may play a role, depending on the specific circumstances. The steady-state DNA supercoiling level in strain GP203 is similar to that of GP202 (25), and so local supercoiling level or direct involvement of topoisomerase I activity at specific regions related to response to oxidative stress may be important. These regions could correspond to the highly transcribed loci of genes needed for survival. The requirement of topoisomerase I for increased survival of E. coli after treatments with hydrogen peroxide and NEM provides further support for the hypothesis that the enzyme function is important for adaptation to different environmental challenges (31) . As demonstrated by the primer extension results, the presence of the multiple promoters utilizing different sigma factors allows flexibility of continuous topA transcription initiation under different environmental conditions. Although it was initially hypothesized that the RpoS-dependent promoter Px1 may be important for the response of topA to oxidative challenges, the results showed that promoter P1 was more important in the response. The RpoS-dependent promoter may just serve to maintain the level of topoisomerase I in stationary-phase cells prior to oxidative challenges. By influencing the ability of bacterial cells to respond to high temperature, changes in osmolarity, and oxidative challenges, topoisomerase I may also play a role in the capability of pathogenic bacteria to adapt to different host environments.
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